We have found that organic light-emitting diode (OLED) performance was highly improved by using europium oxide (Eu 2 O 3 ) as a buffer layer on indium tin oxide (ITO) in OLEDs based on tris-(8-hydroxyquinoline) aluminium (Alq 3 ), which showed low turn-on voltage, high luminance, and high electroluminescent (EL) efficiency. The thickness of Eu 2 O 3 generally was 0.5~1.5 nm. We investigated the effects of Eu 2 O 3 on internal electric field distributions in the device through the analysis of current-voltage characteristics, and found that the introduction of the buffer layer balanced the internal electric field distributions in hole transport layer (HTL) and electron transport layer (ETL), which should fully explain the role of the buffer layer in improving device performance. Our investigation demonstrates that the hole injection is Fowler-Nordheim (FN) tunnelling and the electron injection is Richardson-Schottky (RS) thermionic emission, which are very significant in understanding the operational mechanism and improving the performance of OLEDs.
Introduction
Since the first demonstration of OLEDs [1] , a large research effort has focused on improving the device performance and understanding the device physics. Introduction of buffer layers at the interface between the electrode and organic active layer is indeed an efficient approach for OLEDs. On the one hand, a buffer layer inserted between the organic active layer and cathode can enhance electron injection and improve device performance [2] [3] [4] [5] . On the other hand, many researches are focus on a buffer layer inserted between the anode and the organic active layer to control hole injection [6] [7] [8] [9] [10] . In general, the basic physical processes for OLEDs include injection, transport and recombination of charge carriers. To improve the device performance, a detailed understanding of the role that buffer layers in OLEDs on the charge carrier injection and transport processes is important.
Although LiF/Al is usually used as the cathode in OLEDs, and it is considered an effective way to improve the electroluminescence (EL) efficiency of devices [11] , the injection of holes and electrons is still unbalanced [12] . In this letter, we investigate the effects of Eu 2 O 3 as an efficient buffer layer on device performance and the internal electric field distribution in the device, We have found that the introduction of the buffer layer balanced the internal electric field distributions in hole transport layer (HTL) and electron transport layer (ETL), leading to an improvement in the device performance. Our results show that the hole injection into NPB from anode is FN tunnelling and the electron injection into Alq 3 from cathode is RS thermionic emission. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 the NPB was thermally evaporated (deposition rate 0.2~0.4 nm/s) as a hole transport layer. A 60-nm Alq 3 film was evaporated at a rate 0.2~0.4 nm/s as an electron transporting and light emitting layer. Then an electron injection layer (EIL) of thin LiF was deposited at a rate 0.04~0.06 nm/s without breaking the vacuum. Finally, 150 nm Al electrodes were deposited at a rate of 0.5~0.6 nm/s. The deposition rates were controlled by a quartz oscillating thickness monitor. The luminance-current-voltage characteristics were measured using a Keithley (2400 and 2000) source with a calibrated silicon photodiode. All measurements were performed at ambient atmosphere without encapsulation. The active area of the devices was 9 mm 2 .
Experiments

Experimental results
The incorporation of a thin layer of Eu 2 O 3 between ITO and NPB layer, and a thin layer of LiF between Al cathode and Alq 3 layer, produced a significant improvement in the device performance. Fig.  1 We present in Fig. 2 the bias voltage dependence of luminance. Upon introducing Eu 2 O 3 , the luminance is also greatly enhanced. Indeed, the luminance for 1.0 nm Eu 2 O 3 is nearly two times that of the reference device, while the turn-on voltage decreased from 5.5 V to 3.5 V. The insert to Fig. 2 shows the relation between current efficiency, power efficiency with current density. Device efficiencies were also improved with the buffer layers. We present in Table 1 device performance as a function of Eu 2 O 3 thickness in the range 0-1.5nm that yields the best performance.
To elucidate the performance improvement of OLEDs with Eu 2 O 3 buffer layer, we investigate the effects of buffer layers on average internal electric field distributions within the ETL and HTL in OLEDs, by studying steadystate J-V characteristics [12, 13] .
We first processed two types of devices A and B that either contain or do not contain the Eu 2 O 3 buffer layer. For each type of device, we investigated four different thickness of NPB HTL, while keeping the thickness of Alq 3 ETL fixed at 60nm. We present the J-V characteristics of these devices in Fig.3 . For a given current density, the corresponding voltage values may thus be extracted from all J-V curves. The insert to Fig.3 presents the total voltage drop on the diode plotted against the thickness of the NPB layer for a current density of 0.001 A/cm 2 . Obviously, the voltage drop exhibits a nice linear relation with the NPB layer thickness for every device, which indicates that the space charge effects in both HTL and ETL can be negligible at within certain current range.
Because of the large difference in the hole and electron mobilities in NPB and Alq3 [14, 15] , respectively, one expects that the Alq3 layer limits the current, implying that this layer takes on most of the voltage drop [16] . Indeed, the electroabsorption measurements by Rohlfing et al. have shown that the voltage drop at the Alq3 layer for positive bias is almost ten times larger than that at the NPB layer [17] . Thus, the voltage drop across the entire device occurs mostly across the Alq 3 layer. Although LiF [18] and Eu 2 O 3 [19] are wide band gap dielectrics, so that the voltage drops across them could be significant, this voltage drop is nevertheless negligible compared with the voltage drop across Alq 3 layer. We may therefore approximate that the voltage drop across the devices occurs only across the HTL and ETL layers. In this case, the voltage (V) across the devices can then be written as V = V HTL +V ETL = F HTL L HTL + F ETL L ETL , where F HTL and F ETL represens the average electric field within HTL and ETL layers, respectively. We can then extract the average internal electric field distributions within the HTL and ETL from the slope and intercept of the linear relation at different values of current density [12, 13] .
Although LiF/Al is usually used as the efficient cathode in OLEDs, hole and electron injection is still unbalanced for the device [12] . For device A, the introduction of the LiF EIL enhances electron injection [1] , so the internal electric field of HTL will be raised, although the internal electric field of ETL is reduced, the average internal electric field distributions in HTL and ETL are pulled away [12] (see Fig.4 ). Regarding device B containing the Eu 2 O 3 buffer, the internal electric field in the HTL is reduced greatly compared with device A, and the average internal electric field distributions in HTL and ETL become much more similar, which helps balance charge carrier injection and improve carrier recombination efficiency. The low resulting internal electric field in device B will also help to reduce the exciton quenching induced by the large internal electric field.
From Fig. 4 , we can extract the dependencies of the total current density on the average electric field in HTL. For devices B, this dependence goes as logJ/F 2 -F -1 av, NPB plot, while the dependence of the total current density on the average internal electric field in ETL goes as log J- 24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57   F   1/2 av, Alq3 plot (Fig. 5) [12, 13] . These dependencies imply that the hole injection into HTL is controlled by FowlerNordheim (FN) tunnelling, whereas the electron injection into ETL is controlled by Richardson-Schottky (RS) thermionic emission.
Conclusions
In this work, we have introduced a thin film of Eu 2 O 3 as an efficient hole injection layer into OLED heterostructures, which can greatly improve device electroluminescent performance. The optimal thickness of Eu 2 O 3 was found to be 0.5~1.5 nm. The peak luminance, current efficiency and power efficiency can reach 27994 cd/m 2 , 6.4 cd/A and 3.1 lm/w, and the turn-on voltage can decrease from 5.5 V to 3.5 V compared with a reference device without the Eu 2 O 3 buffer. Our experimental results clearly demonstrate that the hole injection from anode and the electron injection from cathode are FN tunnelling and RS thermionic emission, respectively. The introduction of both interfacial layers Eu 2 O 3 and LiF not only lowers the average internal electric field inside the device, but also results in a balancing between the average internal electric field in the HTL and in ETL over the entire current range, which will help to balance charge carrier injection and improve device efficiency.
